Abstract: This paper presents a study into radiation pattern measurements of an electrically small dielectric resonator antenna (DRA) operating between 2.4 and 2.5 GHz in the industrial, scientific and medical (ISM) radio band for body-centric wireless communication applications. To eliminate the distortion of the radiation pattern associated with the unwanted radiation from a metallic coaxial cable feeding the antenna we have replaced it with a fibre optic feed and an electro-optical (EO) transducer. The optical signal is then converted back to RF using an Opto-Electric Field Sensor (OEFS) system. To ensure traceable measurements of the radiation pattern performance of the wearable antenna a generic head and torso solid anthropomorphic phantom model has been employed. Furthermore, to illustrate the benefits of the method, numerical simulations of the co-polar and cross-polar H-plane radiation patterns at 2.4, 2.45, and 2.5 GHz are compared with the measured results obtained using: (i) an optical fibre; and (ii) a metallic coaxial cable.
Introduction
The rapid growth of the wireless communications market has resulted in new applications constantly being developed. Body-worn (wearable) antennas constitute an emerging and rapidly growing technology. The progress in the textile and wearable electronics industry [1] [2] [3] [4] made it easier for such antennas to be implemented into cloths and to invade the market. Their development is of increasing interest for health monitoring, defense and the communications industries [4] [5] [6] [7] [8] [9] [10] [11] [12] . Such antennas enable body-centric wireless communications and it is envisaged that they will play a key role in the development of future generation mobile communications [13] [14] [15] [16] [17] [18] .
Most applications require wearable antennas to be unobtrusive, low-profile, low-power and electrically small. Due to power absorption by lossy human body tissues, a distorted radiation pattern and lower radiation efficiency is envisaged when they are worn on and at close proximity to the body [19] . To improve the antenna radiation efficiency and reduce the power absorption by the body, methods such as adding an additional spacer layer [20] , electromagnetic band gap substrates [21] , reflection plane substrates [22] or textile fabric substrates [23] between the body and the wearable antennas have been proposed. Furthermore, when designing the antenna the body proximity effects must be considered to prevent significant antenna detuning and the consequent mismatch [19, 24] . One method is to optimize the impedance matching when in proximity to the tissue. However, such method may suffer the resilience to proximity detuning when the antenna-to-body distance varies. An improved design method to develop the antenna to have good impedance matching in the presence of tissue and also to have resilience to distance-dependent antenna detuning has been proposed in [24] .
When testing a prototype wearable antenna, it is normal to connect it to a metallic coaxial feed cable, even though such a cable may not be present in the final application of the antenna. This makes it difficult to assess the radiation performance of such antennas especially ones without a balun or adequate balancing match, as they are prone to unwanted common mode currents on the metallic coaxial cable used to feed the antenna during the measurement [25] . These problems have been shown to be far from trivial and they interfere with the radiation of the antenna, which can cause differences between the measured pattern and the expected pattern [25] [26] [27] . Furthermore, the resultant creeping or surface wave propagation around the body excited by both the wearable antenna and coaxial cable would affect the on-body communication channel performance. Several battery-free electro-optic (EO) transducer technologies [25, 28] have been developed that allows the metallic coaxial cable feeding the antenna to be replaced by an optical fibre.
Without insight into the cause of the deviations in the measured radiation pattern, the designer can spend fruitless efforts redesigning the antenna, which can limit the uptake of these technologies. Suitable measurement facilities and phantoms are required to ensure accurate and repeatable traceable measurements of the radiation performance of these antennas. In this study a head and torso solid anthropomorphic phantom that matches the characteristics of human biological tissues is employed [29] .
This paper presents a study into measurement of the radiation pattern of a body-wearable electrically small dielectric resonator antenna (DRA) using a non-invasive Opto-Electric Field Sensor (OEFS) optical fibre link system. The antenna operates between 2.4 and 2.5 GHz in the industrial, scientific and medical (ISM) radio band and is used for body-centric wireless communication applications. The aim is to establish traceable measurement methods to assess body worn antenna radiation performance using an optical fibre link, an anechoic chamber and a solid anthropomorphic phantom, whose electromagnetic properties sufficiently match those of human tissue and organs over the frequency range of interest. The paper is organized as follows: Section 2 presents the details of measurement facilities and experimental and numerical setups for the radiation pattern measurements of the DRA antenna attached to the solid anthropomorphic phantom. Section 3 shows a comparison between the radiation pattern results obtained from the simulation, and the measurement using the optical fibre and the metallic coaxial cable. Finally, conclusions are drawn in Section 4.
Experimental and Numerical Setups

Experimental Setup
All the radiation pattern measurements were performed in fully anechoic chambers at the UK National Physical Laboratory (NPL). The two anechoic chambers used were: (i) the Small-Antenna Radiated Testing (SMART) chamber (see Figure 1a) ; and (ii) the Microwave Antenna Extrapolation Testing (MAET) range (see Figure 1b) . The SMART chamber has dimensions of 7.15 m × 6.25 m × 6.25 m and a frequency range of operation between 400 MHz and 26.5 GHz, whereas the MAET range has dimensions of 15 m × 7.5 m × 7.5 m and a frequency range of operation between 400 MHz and 110 GHz. They are both fully anechoic with the RF absorbing material on all the walls, the floor and the ceiling.
The electrically small DRA (see Figure 2 ) considered is developed by Antenova Ltd. (Hatfield, Herts, UK) for IEEE802.11b/g applications and has a dipole-like radiation pattern [25] when it is measured in free-space. The opto-electric fibre system consists of a battery free EO transducer connected to an OEFS controller system via an optical fibre link and the system operate from 300 kHz to 10 GHz. The OEFS controller system comprises a semi-conductor laser, an optical circulator, a photo-detector and a 30 dB RF amplifier. It supplies optical power to the EO transducer, uses the electrodes on an X-cut lithium-niobate crystal chip to modulate laser light with an RF signal from the DRA, and converts the returned detected optical signal transmitted via optical fibre to a detector diode into an RF electric signal at the output of the OEFS controller system. The magnitude and phase of the converted RF signal are preserved as if there had been no intervening optical components and the converted RF signal is then amplified and transmitted via a metallic coaxial cable to a vector network analyser (VNA). Figure 2 shows the DRA antenna connected directly to the EO transducer and OEFS controller system. [29] . It has a weight of about 40 kg and is made from carbon-loaded silicon rubber in order to mimick the characteristics of human biological tissues over the frequency range 300 MHz to 6 GHz. It is envisaged that the phantom will provide a repeatable and more realistic solution for assessing the radiation performance of head and torso mounted devices.
Using a flanged open ended waveguide WG8 port, measurements of complex reflection-coefficient were obtained. Using modal analysis software developed in [30] , dielectric properties were obtained by iteration. The model used assumes a cavity geometry, which differs from the actual measurement geometry as the phantom is not contained within a cavity; however tests showed that for a large and high loss material, adequate results could be obtained if large cavity dimensions were assigned during the computation. Within the frequency range of interest, the phantom was measured in several orientations to provide an indication of its actual inhomogeneity where the rough values of the real permittivity vary between 24 and 34 whereas the values of the conductivity vary between 0.7 and 0.9 S/m. Outliers were assumed to be caused by significant local inhomogeneity and excluded. The chosen results are shown in Table 1 and these were used in the numerical simulations described in Section 2.2 in which the phantom was modelled as a homogeneous medium. In this study the DRA was oriented parallel to the front plane of the anthropomorphic phantom so that the antenna axis is vertical when the phantom is in a standing position and horizontal when the phantom is in a lying position. Hence the antenna under test (AUT) consists of both the DRA and the anthropomorphic phantom. It is envisaged that the omni-directional radiation pattern of the DRA will be distorted due to the reflexion and creeping waves diffraction phenomena induced by the anthropomorphic phantom. The radiation pattern measurements using a metallic coaxial cable and EO transducer were then performed in the MAET range and the SMART chamber respectively. The transducer used was the Seikoh-Giken (Matsudo City, Chiba, Japan) OEFS-6S-002, which was connected via an optical fibre to an OEFS "OEFS-CII-10 GHz" controller. Figure 4 shows photographs of the two experimental setups for measuring the AUT using a metallic coaxial cable and a fibre optic. Both chambers contain a roll-over-azimuth positioner system, which enables the three-dimensional radiation pattern of the AUT placed over the centre of rotation of the positioner to be measured. It is noted that the roll-axis positioner in the SMART chamber can only handle AUTs of weight up to 10 kg whereas the roll-axis positioner in the MAET range can handle AUTs of weight up to 250 kg. As the AUT has a weight of about 40 kg, only an azimuth cut of the radiation pattern was acquired within the SMART chamber whereas a full spherical pattern was acquired within the MAET range. An ETS-Lindgren 3117 double-ridged waveguide horn antenna was used as the transmitting antenna. An Agilent Technologies (Wokingham, Berkshire, UK) PNA-X VNA was used with an output power of 0 dBm. Both co-and cross-polar radiation pattern measurements of the H-plane cut (see Figure 4a) were performed with an angular resolution of 5°.
Numerical Setup
Numerical electromagnetic simulations of the DRA antenna and anthropomorphic phantom were performed using the commercial time domain software package CST Microwave Studio (MWS) [31] that is based on the finite integration technique. Figure 5a shows the numerical setup of the electrically small DRA. Earlier numerical and experimental results relating to the radiation pattern measurements of the DRA were given in [25] in which the effect of common mode currents was examined when different metal/non-metal cased EO transducers, or a metallic quarter-wave choke were used. In the simulation of the DRA, the SubMiniature version A (SMA) adapter and the metallic cased EO transducer were included (see Figure 5b) as their sizes are comparable to the antenna and so they could potentially influence the antenna radiation pattern. Figure 6 shows the numerical setup of the DRA with head and torso anthropomorphic phantom. The dimensions of the solid anthropomorphic phantom were measured and entered into the simulation software in order to accurately represent the phantom in the numerical model. The geometry of the head of the phantom was imported into the simulation software using a three-dimensional mesh provided by the manufacturer Schmid & Partner Engineering AG (Zurich, Switzerland). The values of the measured frequency-dependent complex permittivity of the phantom (see Table 1 ) were entered into the simulation software to correctly model the dispersive properties of the phantom. 
Comparison between Simulation and Measurement Results
Figures 7-9 show, the co-and cross-polar H-plane cut radiation patterns of the AUT obtained from simulation and measurements with an optical fibre and with a metallic coaxial cable, for 2.4, 2.45, and 2.5 GHz, respectively. Note that the red dashed line represents the simulation results, the black dotted line represents the measurement results using an optical fibre, and the blue dash-dot line is for the measurement results using a metallic coaxial cable. A diagram of the AUT structure is presented at the top-left corner of each plot to show its orientation with respect to the plotted axes.
Good agreement is observed between the simulation and measurement using the optical fibre whereas the results obtained for measurements using the metallic coaxial cable clearly indicate the distortion to the AUT radiation pattern due to the effect of the unwanted common mode current on the cable. There is a slight discrepancy in the radiation pattern in the hemi-sphere at the back of the anthropomorphic phantom (i.e., between 0° to 90° and 270° to 360°) between the simulation and the measurement using the optical fibre. This cannot be attributed to the measurement error, which is estimated to be equivalent to an error signal of −30 dB below the pattern peak but is believed to be due to inhomogeneity of the anthropomorphic phantom properties that could not be modelled accurately. 
Conclusions
In this paper, a study into using a non-invasive optical fibre link for radiation pattern measurements of an electrically small DRA body-worn antenna has been presented. A solid anthropomorphic phantom was employed to minimize the measurement uncertainty. The measured results using the optical fibre link were validated with numerical simulation and measurements using a metallic coaxial cable. From the results, one can see the huge effect that lossy human tissue has on the electrically small DRA.
The measurement of the AUT showed a dramatic improvement in the pattern measurement when the metallic coaxial cable is replaced by an optical fibre. The numerical and experimental results using an optical fibre or a metallic coaxial cable were compared. Good agreement was found between the numerical results and the optical fibre measurement, which strongly demonstrated the improved measurement accuracy achieved by using an EO transducer to measure body-worn devices via optical fibre. 
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